This paper considers the carrier based signal injection method in three shunt sensing inverter (TSSI) for sensorless motor control and analyzes the loss according to the injection axis of the voltage signal. To remove both phase current and rotor position sensors, sensorless method and phase current reconstruction method can be simultaneously considered. However, the interaction between two methods can be incurred when both methods inject the voltage signal simultaneously. In this paper, the signal injection based sensorless method with 120° OFF Discontinuous PWM (DPWM) is implemented in TSSI to avoid this interaction problem. Since one leg does not have switching event for the one sampling period in 120º OFF DPWM, the switching loss is altered according to the injection axis. The switching loss of the d-axis injection case can be up to 32% larger than the one of the q-axis injection case. Other losses according to the injection axis are also analyzed.
I. INTRODUCTION
Recently, an inverter driven AC machine is widely used in many industry home appliances such as a refrigerator, air conditioner, and wash machine [1] . For a speed or torque control of AC machine, the inverter modulates the phase voltage whose frequency and magnitude can be adjusted and it is applied to AC machine. Here, the phase current and rotor positon information are necessary for a high dynamic and efficient operation. Therefore, a current transducer and hall-effect sensor are commonly used in home appliances as the phase current and rotor position sensor, respectively. However, since these sensors are expensive, phase current reconstruction methods and sensorless controls have been studied to eliminate these sensors.
In order to replace the current transducer, the phase current reconstruction methods with shunt resistor have been studied in many papers [2] - [7] . The phase current reconstruction method can be implemented in single shunt sensing inverter (SSSI) and three shunt sensing inverter (TSSI). In SSSI, one shunt resistor is installed between DC link capacitor and six bridges of the inverter [4] . In TSSI, three shunt resistors are installed to the bottom of the lower switches [7] . Since the value of the shunt resistor is already known, the current magnitude can be calculated by measuring the voltage of the shunt resistor. By mapping the current magnitude with the switch states, the phase current can be reconstructed. Here, the switching state is kept for the certain minimum time to reconstruct the current signal clearly. This minimum time incurs the immeasurable area in the space vector and the operation area of the inverter is limited. To reduce this immeasurable area, the minimum voltage injection method in SSSI [4] and 120º OFF Discontinuous PWM (DPWM) instead of continuous PWM in TSSI can be considered [7] .
In order to replace the position sensor such as hall-effect sensor, the sensorless method has been studied in many papers [8] - [17] . The sensorless method is classified as a back-EMF voltage based method and the signal injection based methods. In the former method, the rotor angle is calculated from the estimated back-EMF voltages without any voltage signal injection or circuit modification [8] - [12] . The estimated rotor angle is accurate in high speed range but not in low speed range because of the inverter nonlinearity. To overcome this drawback, the latter method has been proposed [12] - [17] . From the rotor saliency caused by its shape or saturation effect, the current response by the injection voltage varies with the rotor angle. From this current response, the rotor angle can be estimated even at zero speed. Here, a high frequency signal is preferred for easy signal separation and rapid angle estimation [14] - [15] . However, the injected voltage signal increases an audible noise and system losses.
However, when the phase current reconstruction and sensorless methods inject voltage signals simultaneously, the signal interaction can be incurred and the estimated rotor angle can have errors. In this paper, the signal injection based sensorless method and phase current reconstruction in TSSI are considered to avoid this interaction problem. Here, 120º OFF DPWM is implemented as the phase current reconstruction method to reduce the immeasurable area. Also, the injection frequency in the signal injection based sensorless method is maximized as the carrier frequency to reduce the audible noise. Even though the machine loss according to the injection axis has been studied in paper [18] - [19] , there is not much studies about inverter loss in the signal injection based sensorless method. So, in this paper, the switching loss according to the injection axis is analyzed in detail. Firstly, the modified voltage vectors by the d-and q-axis voltage injection are compared in vector diagram. From the switching loss equation, how the operating points are changed in each case are checked. These loss analyses are verified with the simulation and experimental results.
The switching loss analysis of the carrier signal injection method in TSSI has been introduced in the paper [20] . In this paper, the possibility of the interaction problem between the phase current reconstruction methods and the sensorless methods are considered. Also, the more detailed loss analysis and experimental results are added based in the paper [20] . This paper organized as fallowed. In section II, the interaction problem between the phase current reconstruction methods and two type of sensorless methods are analyzed. In section III, the signal injection method in TSSI are introduced. In section IV, the switching loss and other losses according to the injection axis are analyzed. The simulations and experimental results are shown in section V and the conclusion is made in section VI.
II. INTERACTION BETWEEN PHASE CURRENT RECONSTRUCTION AND SENSORLESS METHODS
The possibility of the interaction problem between the phase current reconstruction methods and the sensorless methods are listed in Table I . When the two methods are considered together, there is no interaction problem if one or no method uses the additional voltage signal. However, it can be incurred if both methods use the additional voltage signal.
At the minimum voltage injection method of the phase current reconstruction algorithm in SSSI [4] , the voltage vector is modified where the reference voltage vector is in the immeasurable area. Here, the frequency of the injected voltage signal for the vector modification is the carrier frequency in zero speed. However, since the additional voltage is not injected when the voltage vector is in measurable range, the average frequency is changed in non-zero speed. In the signal injection based sensorless control, the voltage signal at from a few hundred Hertz to kilo-Hertz are normally injected. Therefore, the voltage signals for the phase current reconstruction and sensorless method cannot be separated clearly when the frequencies of two voltage signal are close. This can incur the error in the rotor angle estimation because of the interaction between two voltage signals. In the paper [21] , the d-axis current is added to move the reference voltage vector to measurable area [21] . However, this additional d-axis current increases the total system loss and the cause of the error in the rotor angle estimation is not completely eliminated. In the paper [22] , the phase shift PWM can be considered in SSSI. Regardless of the voltage vector for machine control, the 120° shifted carrier generates the rotating signal at the carrier frequency. However, this method cannot adjust the level of the rotating voltage signal and it needs many points of the current samplings.
So, this paper considers the signal injection based sensorless method with 120° OFF DPWM in TSSI. Since 120° OFF DPWM in TSSI does not use any voltage signal injection, there is no interaction problem when the signal injection or back-EMF based sensorless method is considered. 
III. SIGNAL INJECTION BASED SENSORLESS METHOD IN THREE SHUNT SENSING INVERTER

A. Pulsating Voltage Injection
where r  is the angle error between the estimated and real
, the superscript ' rˆ' means the estimated rotor reference frame.
When the square wave voltage with the magnitude of V inj is injected in the d-axis of the estimated rotor reference frame, the d-and q-axis current variations for half of the injection period (ΔT) are
coŝˆ. Therefore, the magnitude of the q-axis current variation is proportional to r  . This magnitude of the q-axis current variation is used to estimate the rotor angle and speed with a PI type state filter or Luenberger observer. When the square wave voltage is injected in the q-axis of the estimated rotor reference frame, the current variation by the positive injection voltage is
Here, the magnitude of the d-axis current variation is proportional to r  and it is used to estimate the rotor angle and speed. In d-or q-axis injection, since the inductance value are used as the gain of the current ripple signal, the error in the inductance values do not incur the steady state error. If the voltage signal which includes both d-and q-axis components is injected in the estimated rotor reference frame, the exact inductance values of the machine are necessary to calculate r  . So, the error in the inductance values incur the steady state error in the angle estimation. Therefore, the voltage signal is normally injected at d-or q-axis.
By calculating the difference between two sampled current signals, the magnitude of the d-or q-axis current variation can be calculated. In paper [15] , the signal processing method when carrier frequency signal is injected has been studied. The voltage references and the current variations are shown in 
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B. Current Sampling in TSSI
In TSSI, three resistors are installed on the bottom of the lower switches as shown in Fig. 3 . When the lower switch is turned on (S x =0, when S x is the switching function of the leg and x is the leg name of A, B, or C), the phase current passes through the shunt resistor and its magnitude can be calculated. However, when the upper switch is turned on (S x =1), the phase current does not pass through the shunt resistor and its magnitude cannot be calculated. Therefore, the current vector can be reconstructed at V 0 (S A S B S C = 000) but not at V 7 (S A S B S C = 111) [7] . In the carrier based PWM, V 0 is placed at the peak and V 7 is placed at the valley of the carrier signal. So, when the voltage signal is injected at the carrier frequency in TSSI, iˆ1 cannot be sampled. Therefore, in TSSI, the maximum injection frequency is limited to half of the carrier frequency to calculate the rotor angle from Equ. (6). However, if the modified voltage vector is modulated with 120° OFF DPWM, the non-switching leg which does not have switching event for one sampling period is altered in every sampling period. Fig. 5 shows the voltage reference signals and the switching functions according to the injection axis. When positive voltage is injected, the voltage vector is in the sector 1 and leg C has no switching event as shown in Fig. 5 (a) . When the negative voltage is injected, the voltage vector is in the sector 4 and leg A has no switching. For the two carrier periods, each leg A and C has two switching events but leg B has four switching events as shown in Fig. 5(a) . When the positive voltage is injected in the d-axis, the voltage vector is in the sector 2 and leg C has no switching event as shown in Fig. 5(b) . When the negative voltage is injected in the q-axis, the voltage vector is in the sector 5 and leg B has no switching. For the two carrier periods, each leg B and C has two switching events but leg A has four switching events as shown in Fig. 5(b) . It means that the switching loss is varied with the injection axis.
C. Switching Leg According to Injection Axis
IV. LOSSES ACCORDING TO INJECTION AXIS
For more detailed analysis of the switching loss, the switching loss according to the injection axis in TSSI is analyzed from the mathematical model in [23] - [24] . Also, the conduction losses, copper losses, and iron losses are analyzed in this chapter.
A. Switching Loss
The dissipated energies of the active switch and diode during the switching event depend on the magnitudes of the voltage applied to the device and the current passing through it. The dissipated energies in the active switch and diode (w active , w diode ) per switching are can be expressed as
where E Tx and E Dx are the dissipated energy per ampere of the active switch and diode during the on and off switching events. Here, subscript ' x ' can be ' U ' for the upper switch or ' L ' for the lower switch in each leg. When the DC link voltage is fixed, the dissipated energies is linearly proportional to i s . The switching loss is the product of the dissipated energy and the switching frequency. In order to calculate the average switching loss, the fundamental period of the phase current is considered. In continuous PWM, leg A has a switching at the carrier frequency for the fundamental period. The average switching losses of the upper switch (P sw,TU ) and the upper diode (P sw,DU ) can be derived as
, (8) where f carrier is the carrier frequency and I m is the magnitude of the phase current. If E T =E TU =E TL and E D =E DU =E DL , the total sum of the average switching loss in one leg is
The average switching loss of the three leg inverter (P sw,total ) is three times of P sw,leg . It only depends on f carrier and I mag [23] . In 120° OFF DPWM, when the voltage reference vector is in from -180º to -120º and from 120º to 180º, leg A has no switching as shown in Fig. 6 . The average switching losses at the upper switch and the upper diode can be derived as
where the load angle (ϕ) is the difference between the angle of the voltage vector (θ v ) and the angle of the current vector (θ i ). If E T =E TU =E TL and E D =E DU =E DL , the total sum of the average switching losses in one leg is
, (12) where -30˚< ϕ <30˚. P sw,leg in other angles are calculated in the same manner. The average switching loss of the three leg inverter in 120° OFF DPWM are summarized in Table II [25] . When the load angle is 0º or 180º, P sw,total has the minimum value. When it is 90º or -90º, P sw,total has the maximum value. The maximum value of P sw,total is 32% larger than the minimum value of P sw,total in 120° OFF DPWM. 
B. Switching Losses According to the Injection Axis
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Voltage reference Fig. 7(a) . The current vector is pulsating in parallel with the d-axis. When voltage signal is injected at q-axis, the voltage vectors become close to the q-axis of the rotor reference frame as shown in Fig. 7(b) . The current vector is pulsating in parallel with the q-axis.
Sampling
To calculate the switching loss when voltage signal is injected, the operating points in the positive and negative voltage injections can be considered independently. After calculating the switching loss in each operating point from Equ. (12), the total average switching loss can be calculated as Fig. 8 shows the relative switching loss curve calculated from Table II . Here, the switching loss where the load angle is 0 is considered as the base value. Before the voltage injections, the operating point is slightly higher than the valley point when the machine is at low speed in generation mode. When the voltage signal is injected at d-axis, the operating point move to near each peak point of the switching loss curve as shown in Fig. 8(a) . When the voltage signal is injected at q-axis, the operating point moves to near valley points of the switching loss curve as shown in Fig. 8(b) . In other words, the q-axis injection case tends to reduce the average switching loss but the d-axis injection case tends to increase it in 120° OFF DPWM. Fig. 9 shows the relative switching loss according to the rotor speed. Here, the switching loss where its value is minimum in no voltage injection is considered as the base value. They are calculated for a 1kW PMSM with the parameters listed in Table III at low speed in the generation mode. However, since other losses can be increased by the injected voltage signal, it is hard to say that the q-axis injection method in 120° OFF DPWM is better than the no injection case at low speed in the generation mode.
C. Other Losses According to the Injection Axis
When current passes through the active switch or diode, there is the voltage drop and it causes the conduction loss [24] . The voltage drops of the active switch and diode (v T , v D ) can be simply expressed as , ,
where 
where ξ is the on duty of the upper switch. This on duty depends on the PWM method and load angle. In sinusoidal wave PWM [23] , the sum of the average conduction losses for the upper active switch and the diode is
where MI is the modulation index of the voltage reference. If V T ≈ V D and R T ≈ R D , the second and fourth terms of Equ. (16) are negligibly smaller than the first and third terms of Equ. (16) . Since the total conduction loss of the three leg inverter is six times as much as P con,U , the simplified total conduction loss is
. (17) The sum of the average conduction losses for the upper active switch and the diode in continuous PWM and 120º OFF DPWM is the function of the on duty and MI. However, when V T ≈ V D and R T ≈ R D , the simplified total conduction losses of the three leg inverter in continuous PWM and 120º OFF DPWM are same with Equ. (17) . This simplified total conduction loss depends on the magnitude of the phase current but it is independent from the load angle. Even though the rms value of the phase current can be increased because of the voltage injection, the enlargement of the rms value is small in high injection frequency. It means that the conduction losses of the d-and q-axis injection cases are almost same.
The machine losses are classified into the copper loss and the iron loss. The copper loss is the product of the phase resistance (R s ) and the square of I m . So, the total copper loss in three phase machine is
. (18) Similar to the conduction loss, the rms value of the phase current is increased but the enlargement of the copper loss is small and negligible. Also, the copper losses of the d-and q-axis injections are almost same.
The iron loss is the sum of the hysteresis loss and the eddy current loss. The hysteresis loss is proportional to the frequency and the level of the rotating flux. Also, the eddy current loss is proportional to the square of the frequency and the level of the rotating flux. So, the iron loss in high frequency injection is larger than the one in the low frequency injection [23] . In the paper [24] , the machine losses by the injection voltage have been studied with computer simulation. The iron 
V. SIMULATION AND EXPERIMENTAL RESULTS
For the simulation and experiment, an 1kw PMSM drive system with TSSI and the IGBT power module, IGCM20F60GA, were used as shown in Fig. 10 . The detailed system parameters are listed in Table III . Since the carrier frequency was set to 30 kHz, the average switching frequency was 20 kHz with 120° OFF DPWM. The square wave voltage at 15 kHz was added to the output of the current controller and the current signals were sampled at 30 kHz. Here, the magnitude of the q-axis current in Equ. (3) was controlled to be same with the magnitude of the d-axis current in Equ. (4) for the same performance in the angle estimation. So, the level of the injection voltage is 100V in the d-and q-axis injections. The magnitude of the d-axis current ripples was 0.19A in the d-axis injection case and the one of the q-axis current ripples was 0.13A at the q-axis injection case. Fig. 11 shows the modulated pole voltages when the square wave voltages were injected in the d-and q-axis of the rotor reference frame. The small d-axis current was applied to lock the rotor when the rotor angle was 15°. When the voltage signal was injected at d-axis, B phase leg has four switching events for the one injection period which is same with the two sampling periods. But, when the voltage signal was injected at q-axis, A phase leg has four switching events for the one sampling period. Fig. 12 shows the performances of the angle estimations in the d-and q-axis injection cases. To calculate the angle estimation error, the q-axis current of Equ. (3) was used in the d-axis injection case and the d-axis current of Equ. (4) was used in the q-axis injection case. When the rotating speed of PMSM was 36r/min, the output torque was controlled with the sensorless method. 70% of the rated torque was commanded and removed. Here, the slop of the torque command was limited to 50 p.u./s to obtain the voltage margin for the voltage signal injection. The rotor angle was estimated without any failure in the transient conditions. The maximum angle errors were 30° in the d-axis injection case and 32° in the q-axis injection case. There are no distinct difference between the dand q-axis injection cases in terms of the performance in the angle estimation.
The inverter and machine losses are calculated with the computer simulation. Here, PLECS 3.5 was used as a computer simulator. The characteristics of the IGCM20F60GA were applied from its datasheet. Since the iron loss model of PMSM is not applied, only the conduction loss, switching loss, and copper loss are considered in this computer simulations. Fig.  13 and Fig. 14 show these losses when the q-axis currents are 1A, and 10A, respectively. To inject the voltage signal at 15 kHz, the carrier frequency was set as 15 kHz in continuous PWM and 30 kHz in 120º OFF DPWM. Therefore, the switching frequency was 15 kHz in continuous PWM and the average switching frequency was 20 kHz in 120º OFF DPWM. So, the switching loss at no injection in 120º OFF DPWM is larger than that in continuous PWM in this paper.
As shown in Fig. 13(a) , the switching losses of the d-and qaxis injection cases are slightly larger than the one of the no injection case. The reason is that the voltage injection increases the rms value of the phase current. As shown in Fig. 14(a) and Fig. 15(a) , the switching losses of the d-axis injection case, the q-axis injection case, and no injection case are almost same. The reason is that the current ripple by the injection voltage is small and negligible when the load current is relatively large in continuous PWM.
As shown in Fig. 13(b conditions, the switching loss of the q-axis injection case is even smaller than the one of the no injection case. The reason is that the operating points move to when the switching loss is small by the injected voltage signal in the q-axis injection case. The switching losses of the d-axis injection case are 28~33% larger than the one of the q-axis injection case. These values are similar with the analysis results in the section III. As shown in Fig. 13, Fig. 14, and Fig. 15 , the conduction losses and copper losses depend on the rms value of the phase current regardless of the injection cases. When the q-axis current is 1A, the conduction loss and copper loss of the d-or q-axis injection cases are slightly larger than those of the no injection case. When the q-axis currents are 5A and 10A, the conduction losses and copper losses of the three injection cases are almost same.
In the experiments, the power input of the inverter was measured by the power meter, PPA5530. By subtracting the output power of the machine from the input power, the total loss was calculated. Fig. 16, Fig. 17, and Fig. 18 show the total losses in the no injection case and d-and q-axis injection cases when the q-axis currents are 1A, 5A,and 10A, respectively. The total loss also includes the iron loss which is not considered in the simulations. According to the simulation results, the sum of the switching loss, conduction loss and copper loss of no injection case is similar to those of the d-or q-axis injection case in continuous PWM. Therefore, the difference between the total loss of the no injection case and the one of the d-or q-axis injection case in continuous PWM is mostly the incensement of the iron loss by the voltage signal injection. As shown in Fig. 16(a), Fig. 17(a) , and Fig. 18(a) , the incensements of the iron loss were from 11.3W to 18.1W in the d-axis injection case and these were are from 7.7W to 16.0W in the q-axis injection case. Since L q is larger than L d in this machine, the flux ripples in the d-axis injection case is larger than the one in the q-axis injection case. So, the iron loss in the d-axis injection case is larger than the one in the q-axis injection case.
The difference between the total loss of the no injection case and the one of the d-or q-axis injection case in 120º OFF DPWM is relatively large compared to the one in continuous PWM. As shown in Fig. 16(b), Fig. 17(b) , and Fig. 18(b) , the incensements of the iron loss were from 13.7W to 35.8W in the d-axis injection case and these were from 8.5W to 19.4W in the q-axis injection case. Since the switching loss of the d-axis injection case is larger than the one of the q-axis injection case in 120º OFF DPWM, the difference of the total loss of d-and q-axis injection cases is increased. Therefore, when the voltage signal is injected at high frequency in 120º OFF DPWM, the q-axis injection case can reduce the total power loss compared to the d-axis injection case.
VI. CONCLUSIONS
This paper has considered high frequency injection method in TSSI for sensorless motor control and analyzed the switching losses according to the injection axis at the carrier frequency injection in detail. When both the phase current reconstruction and sensorless methods use the voltage signal simultaneously, the interaction problem can be incurred. To avoid this interaction problem, the signal injection based sensorless method with 120º OFF DPWM in TSSI is considered in this paper. In 120º OFF DPWM, the switching loss is altered according to the direction of the voltage signal injection since one leg does not have switching event for the one sampling period. In the d-axis injection case, the load angles between the modified voltage vectors and current vector are close to 90º or -90º. In the q-axis injection case, the load angles are close to 0º or 180º. So, the switching loss of the d-axis injection case can be up to 32% larger than the one of the q-axis injection case. Since the current ripple by the injection voltage is small, the conduction loss and copper loss do not much depend on the injection axis. However, because of the flux ripple, the iron loss of the d-axis injection case is larger than that of the q-axis injection case. Therefore, the q-axis injection case with 120º OFF DPWM in TSSI can significantly reduce the total power loss in low speed range. This analysis was verified in the simulations and the experimental results. 
